CS (chondroitin sulfate) has been implicated in a variety of biological processes during development. Its biological functions are closely associated with characteristic sulfated structures. Here, we report the characterization of a zebrafish counterpart of C4ST-1 (chondroitin 4-O-sulfotransferase-1) and its functional importance in embryogenesis. Recombinant C4ST-1 showed a substrate preference for chondroitin and catalysed the 4-Osulfation of GalNAc residues, a highly frequent modification of CS in the embryos of zebrafish as well as other vertebrates. Wholemount in situ hybridization revealed that C4ST-1 showed a distinct spatiotemporal expression pattern in the developing zebrafish embryo. During the segmentation stages, strong expression was observed along the body axis including the notochord and somites. Functional knockdown of C4ST-1 with specific antisense morpholino-oligonucleotides led to a marked decrease in the 4-O-sulfation and amount of CS in the embryos. Consistent with the preferential expression in the rostrocaudal axis, C4ST-1 morphants displayed morphological defects exemplified by a ventrally bent trunk and a curled and/or kinky tail, largely due to misregulated myotomal myod expression, implying perturbation of axial muscle differentiation in somites. Furthermore, the aberrant projection of spinal motor axons, which extended ventrally at the interface between the notochord and individual somites, was also observed in C4ST-1 morphants. These results suggest that 4-O-sulfated CS formed by C4ST-1 is essential for somitic muscle differentiation and motor axon guidance in zebrafish development.
INTRODUCTION
CS (chondroitin sulfate), one of the major sulfated GAGs (glycosaminoglycans), is ubiquitously distributed at the cell surface and in extracellular matrices as PGs (proteoglycans), in which CS chains are covalently attached to a panel of core proteins [1] . Mounting evidence suggests a substantial contribution of CS moieties to various physiological functions of CS-PGs such as cytokinesis, neuronal network formation, morphogenesis and infections with viruses and bacteria [2] [3] [4] [5] . The chondroitin backbone is composed of repetitive disaccharide units [GlcAGalNAc] n . The building blocks can be replaced with sulfate groups at various positions, mainly at the C-2 position of GlcA and at the C-4 and/or C-6 positions of GalNAc residues, in various combinations, thereby producing characteristic sulfation patterns and structural heterogeneity [3, 5] . The sulfation profiles are spatiotemporally tuned during development [6] [7] [8] . In vitro studies over the past decade have demonstrated that CS polymers and oligosaccharides possess neuroregulatory functions such as neuronal cell adhesion and neurite outgrowth, and interact with a wide range of signalling molecules including Hep (heparin)-binding growth factors in a sulfation-dependent manner [2, 3, 9, 10] , suggesting that CS chains differing in sulfation position and degree perform distinct functions in vivo.
In biosynthesis, the structural variability of CS is generated under the control of multiple sulfotransferases, and GlcA C-5-epimerase(s) that catalyse the epimerization of GlcA to IdoA (iduronic acid), converting CS into its stereoisomer DS (dermatan sulfate) [5, 11, 12] . Since each biosynthetic enzyme also exhibits a cell-type-specific and tissue-specific pattern of expression, substantial heterogeneity exists even in CS isolated from a single species. 4-O-sulfation of GalNAc residues is a typical modification found in CS/DS at higher frequency in vertebrates. To date, four phylogenetically related sulfotransferases, C4ST-1 (chondroitin 4-O-sulfotransferase-1), C4ST-2, C4ST-3 and D4ST-1 (der matan 4-O-sulfotransferase-1), responsible for the 4-O-sulfation of CS/DS have been identified and characterized in mammals [13] [14] [15] [16] [17] . All these enzymes except C4ST-3 show broad, overlapping mRNA tissue distributions [13] [14] [15] [16] , and therefore are assumed to be, at least in part, functionally redundant, providing a plausible explanation for a predominance of the 4-O-sulfation over the other sulfations, each of which is catalysed by a single or two specific sulfotransferases [5, 11] . However, a single deficiency in C4ST-1 in sog9 cells, a mouse L cell mutant, has been demonstrated to Abbreviations used: 2-AB, 2-aminobenzamide; BMP, bone morphogenetic protein; C4ST, chondroitin 4-O-sulfotransferase; CS, chondroitin sulfate; DAB, diaminobenzidine; D4ST, dermatan 4-O-sulfotransferase; DS, dermatan sulfate; EST, expressed sequence tag; GAG, glycosaminoglycan; Hep, heparin; hpf, hours post fertilization; HS, heparan sulfate; IdoA, iduronic acid; MO, morpholino-oligonucleotide; PAPS, 3 -phosphoadenosine 5 -phosphosulfate; PFA, paraformaldehyde; PG, proteoglycan; sema5A, semaphorin 5A; HexA, 4,5-unsaturated hexuronic acid or 4-deoxy-α-L-threo-hex-4-enepyranosyluronic acid; Di-0S, 4, 5 HexAα1-3GalNAc; Di-4S, 4, 5 HexAα1-3GalNAc(4-O-sulfate); Di-6S, 4, 5 HexAα1-3GalNAc(6-O-sulfate); Di-diS D , 4, 5 HexA(2-Osulfate)α1-3GalNAc(6-O-sulfate); Di-diS E , 4, 5 HexAα1-3GalNAc(4,6-O-disulfate); Di-triS, 4, 5 HexA(2-O-sulfate)α1-3GalNAc(4,6-O-disulfate). 1 These authors have contributed equally to this work. 2 Correspondence may be addressed to either of these authors (email tmikami@kobepharma-u.ac.jp or k-sugar@sci.hokudai.ac.jp). The nucleotide sequence reported in this paper will appear in GenBank ® , EMBL, DDBJ and GSDB Nucleotide Sequence Databases under the accession numbers AB097217, AB122017 and AB089140 for zebrafish C4ST-1, C4ST-2 and D4ST-1 respectively.
lead to a drastic decrease in the 4-O-sulfated structures and the amount of CS [18] . In addition, Klüppel et al. [19] have previously reported that a gene trap mutation of C4ST-1 in mice causes severe chondrodysplasia characterized by a disorganized growth plate as well as specific alterations in the orientation of chondrocyte columns, where a strong reduction in 4-O-sulfated CS occurs. These findings suggest that C4ST-1 contributes substantially to the in vivo construction of 4-O-sulfated CS, and that the resultant CS plays crucial roles in embryonic development and physiological phenomena. However, despite the widespread expression of C4ST-1, additional phenotypic features resulting from loss of function of C4ST-1 were not found, largely due to neonatal lethality with respiratory distress in the C4ST-1-deficient mice [19] .
The zebrafish is an emerging model system for the study of vertebrate development and diseases [20] , because of its well-characterized embryonic morphogenesis and suitability for forward and reverse genetics [21] . In zebrafish embryos, intense CS immunoreactivity was originally detected in the spinal cord and at the interface between the notochord and individual somites, where spinal motor axons extend ventrally to establish the midsegmental ventral motor nerves innervating the somatic musculature [22] . The labelled regions include at least two important embryonic structures, somites and peripheral spinal motor axons, both of which are formed as repetitive, morphologically similar units along the body axis through the segmentation processes that commonly occur during vertebrate development. Enzymatic removal of CS by injection of bacterial chondroitinase ABC in the trunk induces abnormal projections of the ventral motor axons, suggesting the involvement of CS in zebrafish motor axon growth [23] . In vertebrates, the motor axon growth is tightly associated with somite patterning [24] . Generally, each somite has two functionally different components, myotome and sclerotome, giving rise to skeletal muscle of trunk (and tail) and vertebral column respectively. Several lines of evidence suggest the importance of the sclerotomal component in the motor axon guidance in amniotes, whereas that in zebrafish embryos is linked with myotome formation [24] . The reason for such disparity can be explained by the fact that, in contrast with amniote embryos, the zebrafish somite consists predominantly of the myotome, and hence that the sclerotome is a relatively minor component [25] . In addition, the sclerotomal cells in teleosts including zebrafish are believed to differentiate into osteoblasts that produce bone matrix, but not into chondrocytes [26] , implying that less cartilaginous anlagen forms in the trunk skeleton during embryogenesis, although cartilaginous skeletons are formed mainly in skull regions during early larval period. These characteristics of the zebrafish embryogenesis would facilitate the exploration of cryptic functions of CS and its biosynthetic enzymes in embryonic developmental processes besides endochondral skeletogenesis, which is severely affected in C4ST-1-deficient mice [19] . In the present study, we identified zebrafish C4ST-1, and examined its expression and in vivo functions during embryogenesis by functional knockdown of the enzyme using specific antisense MOs (morpholino-oligonucleotides). [17] . For enzymatic assays of zebrafish sulfotransferases, a partially desulfated DS preparation that contained 4-O-sulfated disaccharide units at 31 % was used, since the preparation has been found to be beneficial for comparative analysis of the substrate preferences of human enzymes, C4ST-1, C4ST-2 and D4ST-1 [17] .
EXPERIMENTAL

Fish maintenance
Zebrafish (Danio rerio) embryos were obtained by natural spawning and cultured at 28.5
• C in a 1/3 Ringer solution (39 mM NaCl, 0.97 mM KCl, 0.6 mM CaCl 2 and 1.67 mM Hepes, pH 7.2) [27] .
Cloning of zebrafish cDNA encoding C4ST-1 and its isoenzymes
A search of the zebrafish EST (expressed sequence tag) database at 'Human BLAST against Zebrafish Shotgun Sequences' using the query sequences of human C4ST-1, C4ST-2, C4ST-3 and D4ST-1 [14] [15] [16] [17] retrieved the respective zebrafish 5 -and 3 -ESTs, except for that of C4ST-3, which carried predicted start and stop codons respectively. The cDNAs covering the entire coding regions of the putative zebrafish C4ST-1, C4ST-2 and D4ST-1 were amplified from zebrafish embryonic cDNA by PCR using specific primer sets corresponding to the 5 -and 3 -non-coding regions, based on their respective ESTs. Each amplified cDNA fragment was subcloned into a pGEM ® -T Easy vector (Promega) and sequenced in an ABI PRISM TM 377 DNA sequencer (Applied Biosciences). The cDNA sequences have been submitted to the GenBank ® Nucleotide Sequence Database with accession numbers AB097217, AB122017 and AB089140 for zebrafish C4ST-1 (chst11), C4ST-2 (zC4ST-2) and D4ST-1 (d4st1) respectively.
Construction of expression vectors encoding soluble forms of zebrafish C4ST-1
The cDNA encoding a truncated form of zebrafish C4ST-1 lacking the first N-terminal 59 amino acid residues was amplified by PCR with the pGEM ® -T Easy vector containing the full coding sequence of the protein using a 5 -primer containing an in-frame BamHI site (5 -GCGGATCCCTACAGGAGCTGTAC-3 ) and a 3 -primer containing a BamHI site located 19 bp downstream from the stop codon (5 -GCGGATCCCTCAGGAAGCGTGT-3 ). PCR was carried out with Pfu DNA polymerase (Promega) by 30 cycles at 95
• C for 42 s, 59
• C for 42 s and 72 • C for 3 min. The PCR products were digested with BamHI, cloned into the BamHI site of an expression vector, pEF-BOS/IP [28] , and sequenced. The resultant vector contained cDNA encoding a fusion protein that had an N-terminal cleavable insulin signal peptide and a Protein A IgG-binding domain followed by a truncated form of zebrafish C4ST-1. The expression plasmid (6.7 μg) was transfected into COS-1 cells in 100 mm plates using FuGENE TM 6 transfection reagent (Roche Applied Science) according to the manufacturer's instructions. Two days after transfection, a 1 ml aliquot of the culture medium was incubated with 10 μl of IgG-Sepharose beads (GE Healthcare Bio-Sciences) for 2 h at 4
• C. The enzyme-bound beads were washed with TBS (Tris-buffered saline) containing 0.05 % (w/v) Tween 20, resuspended in the assay buffer described below and subsequently used as enzyme sources for sulfotransferase assays.
Sulfotransferase activities towards chondroitin and partially desulfated DS were assayed as described previously [17] . Briefly, the standard mixture (60 μl) contained 10 μl of the resuspended beads, 50 mM imidazole/HCl (pH 6.8), 2 mM dithiothreitol, 10 μM [
35 S]PAPS (1 or 3 × 10 5 d.p.m.) and chondroitin or partially desulfated DS (10 nmol as GlcA) as an acceptor. The reaction mixtures were incubated at 28
• C for 30 or 60 min and subjected to gel filtration using a syringe column packed with Sephadex G-25 (superfine). The incorporation of [ 35 S]sulfate into chondroitin or partially desulfated DS was quantified by determination of the radioactivity in the flow-through fractions by liquidscintillation counting. For identification of the transferase reaction products, the radioactive flow-through fractions were individually subjected to exhaustive digestion with chondroitinase ABC, AC-I or B. Each digest was analysed by anion-exchange HPLC on an amine-bound silica PA-03 column (YMC).
Whole-mount in situ hybridization
Digoxigenin-labelled RNA probes were transcribed in vitro using T7 or SP6 RNA polymerase, with the linearized pGEM ® -T EASY vector containing the full-length cDNA of zebrafish C4ST-1 (approx. 1.2 kb). Other probes for shha (sonic hedgehog; UniGene Cluster Dr.36074) [29] and myod (myogenic differentiation; UniGene Cluster Dr.36017) [30] were also synthesized. These cDNA fragments were amplified by PCR using embryonic zebrafish cDNA. For a cDNA fragment (approx. 700 bp) of zebrafish shha, the first PCR was performed with 5 -TTCG-GCTCTGGTCTCGCTCCA-3 as a forward primer, 5 -ATATC-CCAACTCGCTCGAGCC-3 as a reverse primer, and followed by nested PCR with 5 -GGAGGACAGAAGGCCGTGAAG-3 and 5 -CTCTCACTCTCGCTCTCTCTC-3 . A cDNA fragment (approx. 640 bp) of zebrafish myod was amplified with 5 -CG-AGCATCACCACATCGAGGA-3 and 5 -TCGTTTAAGGTCG-GATTCGCC-3 , followed by nested PCR with 5 -AGCACG-TGAGGGCGCCCAGTG-3 and 5 -CCTGAGCCTGCTGTTGA-GGGC-3 . Each fragment was subcloned into a pGEM ® -T EASY vector and the resultant plasmids were used as a template for the synthesis of the riboprobes.
Whole-mount in situ hybridization was carried out as described previously [31] with slight modifications. Zebrafish embryos were permeabilized by treatment with proteinase K (10 μg/ml), and then fixed with 4 % (w/v) PFA (paraformaldehyde)/PBS. The embryos were then treated with a hybridization buffer [50 % (v/v) formamide, 5× SSC (1× SSC is 0.15 M NaCl/0.015 M sodium citrate), 0.1 % (w/v) Tween 20, 50 μg/ml tRNA, 0.1 mg/ml single-stranded DNA and 50 μg/ml Hep] at 55
• C for 4 h, followed by hybridization with the appropriate digoxigeninlabelled RNA probe at 55
• C for 16 h. Thereafter, the embryos were treated with RNase A at 37
• C for 1 h in order to remove the excess probes; immersed in a blocking solution [150 mM maleate, 100 mM NaCl, 0.1 % (w/v) Tween 20 and 2 % (w/v) blocking reagent (Roche Applied Science), pH 7.5] at 4
• C for 4 h; incubated with anti-digoxigenin antibody conjugated with alkaline phosphatase (Roche) diluted 1:5000 with the blocking solution at room temperature (25 • C) for 4 h; and stained with an alkaline phosphatase substrate, BM Purple (Roche). The stained embryos were postfixed with 4 % PFA/PBS at room temperature for 30 min and then soaked in 50 % (w/v) glycerol/PBS overnight at 4
• C. Images were obtained using stereoscopic (SZX12) and confocal (BX51) microscopes (Olympus) equipped with a digital camera (CX380; Olympus).
Gene knockdown by morpholinos
MOs directed against C4ST-1 were synthesized by Gene-Tools ( Figure 4 ). The sequences of the MOs used are as follows: MO1, the sequence (25 bases) of which corresponds to that around the start codon, 5 -GGTCCAGTATGGTTTGTTTCATGGC-3 ; control MO with five-base-mismatched nucleotides compared with MO1 (5-mis MO1), 5 -GGTaCAcTATGcTTTcTTTCATcGC-3 ; control MO with the inverted sequence of MO1 (inverted MO1), 5 -CGGTACTTTGTTTGGTATGACCTGG-3 ; MO2, the sequence (25 bases) of which corresponds to the 5 -non-coding region (-56 to -32), 5 -CTGCCGAGCCGA-GCCCCGTTCAGCG-3 . Each MO was dissolved in distilled water at a final concentration of 8 mM. The stock solution was diluted to a working concentration of 0.8 mM in 1× Danieau solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM CaCl 2 and 5 mM Hepes, pH 7.6), optionally with a non-toxic tracer, rhodamine-dextran (Molecular Probes) [32] .
Each MO (approx. 3-5 ng) was individually injected into twoor four-cell embryos. MO-injected embryos (morphants) were incubated in a 1/3 Ringer solution containing 1 % penicillin/ streptomycin at 28.5
• C for 16-50 h.
Inhibitory effects of the MOs on in vitro translation of zebrafish C4ST-1
For the preparation of mRNA, Myc-tagged sulfotransferase constructs were generated by in-frame insertion of the cDNA fragment of zebrafish C4ST-1, C4ST-2 or D4ST-1 into a pcDNA3.1/myc-His (-) vector (Invitrogen), and subsequently subcloned into a pEU3-NII vector (Toyobo). mRNAs encoding the fusion proteins with a C-terminal Myc tag were transcribed in vitro using ScriptMAX TM (Toyobo) with each pEU3-NII vector construct as a template. In vitro translation in the presence or absence of MOs was performed by using a cell-free protein synthesis kit, PROTEIOS TM (Toyobo), with the following modifications: in a 25 μl reaction, the transcribed mRNA (7 μg) and each MO at a final concentration of 100 μM were mixed with a reaction mixture containing components essential for in vitro translation and incubated at 26
• C for 24 h. An aliquot of the reaction mixture was heated at 95
• C for 5 min and then subjected to SDS/PAGE and proteins were transferred to a PVDF membrane. After pretreatment with a blocking solution [PBS containing 0.05 % (w/v) Tween 20 and 5 % (w/v) ECL ® advance blocking reagent (GE Healthcare Bio-Sciences)], the membrane was treated with an anti-Myc antibody (Invitrogen), and subsequently with a horseradish peroxidase-conjugated antimouse IgG (GE Healthcare Bio-Sciences). Proteins bound to the antibody were visualized with an ECL ® advance kit (GE Healthcare Bio-Sciences).
Rescue of morphological phenotypes of the MO1-injected embryos by injection with zebrafish C4ST-1 RNA
A capped zebrafish C4ST-1 sense RNA was synthesized using an mMASSAGE mMACHINE kit (Ambion) according to the manufacturer's protocol from a linearized pCS2+ vector carrying the entire coding region of zebrafish C4ST-1. Zebrafish C4ST-1 sense RNA (4-6 pg) was injected separately, immediately after the injection of MO1 into two-cell embryos.
Disaccharide composition analysis
GAG peptides derived from zebrafish embryos were prepared as described previously [33] but with minor modifications: dechorionated wild-type and MO1-treated embryos at 50 hpf (hours post fertilization) (approx. 160 and 300 embryos respectively) were homogenized in acetone and air-dried. The dried materials (9 and 16 mg respectively) were treated with boiling water for 10 min, cooled and exhaustively digested with heatpretreated actinase E in 1 ml of 0.1 M borate buffer (pH 8.0), containing 10 mM calcium chloride at 60
• C for 16 h. The digest was treated with 5 % (v/v) trichloroacetic acid, and the acidsoluble fraction was extracted with diethyl ether. The aqueous phase was neutralized with 1 M sodium carbonate and adjusted to contain 80 % ethanol. The resultant precipitate was dissolved in water and subjected to gel filtration on a PD-10 column (GE Healthcare Bio-Sciences) with 50 mM pyridine acetate (pH 5.0) as eluent. The flow-through fractions were collected, evaporated dry and dissolved in water. An aliquot of the sample was digested with a mixture of chondroitinases ABC and AC-II in 50 mM Tris/HCl and 60 mM sodium acetate (pH 8.0) at 37
• C for 2 h. The digests were derivatized with a fluorophore, 2-AB (2-aminobenzamide), and then analysed by anion-exchange HPLC on a PA-03 column [34] .
Immunohistochemistry
Wild-type and MO1-treated embryos (48-51 hpf) were fixed in 4 % PFA/PBS, dehydrated through graded concentrations of methanol and stored in methanol at − 20
• C until used. The embryos were rehydrated in a stepwise fashion through a PBS-T (PBS containing 0.1 % Tween 20)/methanol series. After rinsing in PBS-T, the embryos were treated sequentially with the following solutions: (i) 3 % (w/v) H 2 O 2 in methanol for 5 min; (ii) proteinase K (10 μg/ml) in PBS at 37
• C for 60 min; (iii) 4 % PFA/PBS for 20 min for postfixation; (iv) pre-chilled acetone at − 20
• C for 8 min; (v) the above-mentioned blocking solution at 4
• C for 2 h; (vi) anti-acetylated α-tubulin (1:100, clone 6-11B-1; Sigma) in the blocking solution overnight at 4
• C; (vii) horseradish peroxidase-conjugated anti-mouse IgG (1:200) in the blocking solution overnight at 4
• C; (viii) 0.05 % DAB (diaminobenzidine) in PBS for 20 min; and (ix) 0.01 % DAB/3 % H 2 O 2 in PBS for 5-15 min. Finally, the embryos were fixed with 4 % PFA/PBS and then soaked in 50 % glycerol/PBS.
RESULTS
Identification of zebrafish C4ST-1 and its isoenzymes
Our preliminary analysis of the disaccharide composition of CS present in the zebrafish embryos revealed that the 4-O-sulfation of GalNAc was a prominent modification of CS in the embryos as well as in the adult fish as recently reported [35] . In support of the prior analyses, a search of the zebrafish EST database showed the existence of at least three distinct zebrafish GalNAc 4-O-sulfotransferases potentially responsible for the 4-O-sulfation of CS/DS. Predicted open reading frames of the candidate enzymes were amplified by PCR using primers designed from the retrieved ESTs and the cDNA library of the 24-hpf zebrafish embryo as a template. One of the cDNA fragments (GenBank ® accession number AB097217) obtained encoded a protein of 352 amino acid residues with a transmembrane domain, the putative PAPS-binding motifs, and 79 % identity to human C4ST-1 [14] at the amino acid level ( Figure 1A) . The deduced amino acid Table 1 Comparison of the acceptor specificity of zebrafish and human
C4ST-1
The recombinant zebrafish and human C4ST-1 were assayed using chondroitin and partially desulfated DS as acceptors (10 nmol as GlcA) as described in the Experimental section. The reaction products were separated from [ *The values represent the averages for two independent experiments. †No detectable sulfotransferase activity was detected towards chondroitin or partially desulfated DS when the medium from cells transfected with the empty vector was used as an enzyme source in the control experiment.
‡The sulfotransferase activity of human C4ST-1 in [17] .
sequences of the other two cDNAs (GenBank ® accession numbers AB122017 and AB089140) had 61 and 65 % identity to human C4ST-2 [14] and D4ST-1 [16, 17] respectively. Phylogenetic analysis indicated that each zebrafish protein could be assigned to one of the human C4ST/D4ST subfamily members, except for C4ST-3 [15, 17] ( Figure 1B) . Consequently, the zebrafish gene products of AB097217, AB122017 and AB089140 were named zebrafish C4ST-1, C4ST-2 and D4ST-1 respectively.
Characterization of zebrafish C4ST-1
To assess the sulfotransferase activity of zebrafish C4ST-1, a soluble form of the protein was generated by replacing the first 59 amino acids with a cleavable insulin signal sequence and a Protein A IgG-binding domain as described in the Experimental section, and then the chimaeric proteins were transiently expressed in COS-1 cells. The recombinant enzyme secreted into the culture medium was absorbed to IgG-Sepharose beads to eliminate endogenous sulfotransferase activities, and then the enzymebound beads were used for the enzyme assays. As shown in Table 1 , the recombinant zebrafish C4ST-1 transferred [ 35 S]sulfate from [
35 S]PAPS to both chondroitin and partially desulfated DS (containing 4-O-sulfated units at 31 %) with approx. 1.5-fold greater incorporation into the former than into the latter. It should be noted that the partially desulfated DS used has been previously shown to be an excellent acceptor comparable with exhaustively desulfated DS under our assay conditions [17] . This substrate preference of the zebrafish enzyme was quite similar to that of human C4ST-1.
In order to identify the reaction products, the 35 S-labelled products were digested exhaustively with chondroitinase ABC, which cleaves both the GalNAc-GlcA and GalNAc-IdoA linkages in CS/DS, and then the digests were analysed by anion-exchange HPLC. In both digests of the reaction products, which were obtained by using chondroitin (Figure 2A ) or partially desulfated DS (results not shown) as an acceptor, almost all of the total radioactivity was recovered at the elution position corresponding to the unsaturated disaccharide Di-4S [ HexA-GalNAc(4S)], demonstrating that zebrafish C4ST-1 indeed catalysed the 4-O-sulfation of GalNAc residues in these polymers.
To further characterize the acceptor specificity of zebrafish C4ST-1, the radiolabelled 4-O-sulfation sites in the reaction products, which were obtained by incubation of C4ST-1 with Figure 2 Identification of the zebrafish C4ST-1 reaction products prepared using chondroitin or partially desulfated DS as the acceptor substrate 35 S-labelled zebrafish C4ST-1 reaction products, which were obtained by using chondroitin (A) or partially desulfated DS (B, C) as the sulfate acceptor, were digested with chondroitinase ABC (A), chondroitinase AC-I (B) or chondroitinase B (C). Each digest was analysed by anion-exchange HPLC on an amine-bound silica PA-03 column using a linear gradient of NaH 2 PO 4 from 16 to 530 mM over a 60 min period. The major radioactive peak marked by an asterisk in (C) is the putative monosulfated tetrasaccharide(s) identified previously [17] . The arrows indicate the elution positions of authentic unsaturated disaccharides: 1, Di-0S; 2, Di-6S; 3, Di-4S; 4, Di-diS D ; 5, Di-diS E ; 6, Di-triS.
partially desulfated DS, were structurally analysed, because porcine DS contains not only a large proportion of IdoA but also a very small proportion of GlcA. To this end, the reaction products were exhaustively digested with chondroitinase AC-I or chondroitinase B, which cleaves the GalNAc-GlcA linkages or GalNAc-IdoA linkages in CS/DS respectively. As reported previously [17] , the 35 S-labelled DS preparations treated with the individual chondroitinases were decomposed into radioactive di-, tetra-, hexa-, octa-and higher oligosaccharides, depending on the distribution of GalNAc-GlcA/IdoA linkages in the polymer (results not shown). Particularly, quantification of the radiolabelled, 4-O-sulfated disaccharides derived from each digest provided important information regarding the preferable sequences (i.e. GalNAc residues flanked by either GlcA or IdoA) recognized by zebrafish C4ST-1. In the analysis of the radiolabelled reaction product of zebrafish C4ST-1, as much as 23 % of total radioactivity was identified as Di-4S in the chondroitinase AC-I digest ( Figure 2B ), whereas negligible radioactivity was detected at the position of Di-4S in the chondroitinase B digest (Figure 2C ), suggesting the strong preference of zebrafish C4ST-1 for the sequence -GlcA-GalNAc(4S)-GlcA-over -IdoA-GalNAc(4S)-IdoA-, this being consistent with the marked preference of human C4ST-1
Figure 3 Expression of C4ST-1 mRNA in zebrafish embryos
Expression of C4ST-1 in zebrafish embryos at 10.5 (A), 13 (B), 18 (C), 24 (D), 36 (E) and 48 hpf (F). (A-C) C4ST-1 was expressed in the notochord (arrowhead) and the spinal cord (arrow). (D, E)
At 24 and 36 hpf, the expression was also observed in the somite (asterisk), the telencephalon (arrowhead), the rhombencephalon (arrow) and the pectoral fin buds (double arrows). Panels (ii) and (iii) of (B-F) are magnified images of the respective panels (i). (F) C4ST-1 transcript was expressed in the telencephalon (arrowhead) and the rhombencephalon (arrow) at 48 hpf. No signal was detected by using a sense probe for C4ST-1 for GalNAc residues in the GlcA-rich regions embedded in CS/DS [17] . We also detected GalNAc 4-O-sulfotransferase activities of zebrafish C4ST-2 and D4ST-1 towards chondroitin and partially desulfated DS. In terms of the preference for the isomeric uronic acids flanking the target GalNAc residues, their characteristics also closely resembled those of the respective human counterparts [17] : zebrafish D4ST-1 showed the opposite preference to zebrafish C4ST-1, and zebrafish C4ST-2 exhibited a less stringent structural requirement (results not shown). Taken together, the enzymatic specificities of these zebrafish enzymes strongly support orthologous relationships with their respective human counterparts ( Figure 1B) .
[F(iv)]. [A, B(ii)] Dorsal view, anterior to the top. [E(iii), F(iii)] Dorsal view, anterior to the left. [B(i), C, D, E(i), E(ii), F(i), F(ii), F(iv)]
Because of an apparent predominance of C4ST-1 in CS biosynthesis and embryogenesis in mammals [18, 19] , compared with the other subfamily members, we focused on the biological functions of zebrafish C4ST-1 in the present study.
Expression pattern of C4ST-1 in zebrafish embryos
The developmental expression pattern of zebrafish C4ST-1 was examined by whole-mount in situ hybridization using the specific antisense probe labelled with a digoxigenin. C4ST-1 was detected in the notochord at 10.5-18 hpf within the segmentation period ( Figures 3A-3C) . A transient expression was also observed in the spinal cord at 13 hpf ( Figure 3B ). At 24 hpf, C4ST-1 was strongly expressed in the somite, telencephalon and rhombencephalon, and the expression in the somite and brain persisted through 36 and 48 hpf respectively [ Figures 3D, 3E and 3F(i-iii) ]. In addition, the C4ST-1 transcript was also transiently expressed in the fin buds at 36 hpf ( Figure 3E ). The sense probe for C4ST-1 gave no signal throughout the entire embryo during all stages analysed [ Figure 3F (iv) and results not shown], confirming the specific hybridization of the antisense probe. 
Specificity of antisense MOs
The injection of antisense MOs has been demonstrated to inhibit the target gene functions in zebrafish embryos [32] . For functional knockdown of C4ST-1, we designed C4ST-1-specific MOs (MO1 and MO2) and control MOs (5-mis MO1 and inverted MO1) based on the nucleotide sequence of zebrafish C4ST-1 mRNA in the vicinity of the start codon ( Figure 4A and see the Experimental section). The specificity of the MOs was verified by an in vitro translational inhibition assay using a cell-free protein synthesis system. Incubation with MO1 or MO2 efficiently inhibited the translation of C4ST-1-Myc fusion protein, whereas no inhibitory effects were observed in the reaction mixture containing the individual control MOs ( Figure 4B ). In addition, MO1 did not interfere with the translation of the fusion proteins of C4ST-2 and D4ST-1 ( Figure 4C ).
Inhibition of C4ST-1 function causes morphological abnormalities in the trunk and tail
In order to assess the biological roles of 4-O-sulfated CS during zebrafish embryogenesis, C4ST-1-specific MOs and control MOs were individually injected into one-to four-cell stage embryos. The 48 hpf embryos injected with MO1 (approx. 3-5 ng per embryo) displayed a ventrally bent trunk and a curled and/or kinky tail (Figures 5B and 5B ) . Furthermore, the injection of MO1 at higher dosages (> 5 ng per embryo) resulted in embryonic lethality by 48 hpf, and most of the embryos exhibited a severely shrunken body ( Figure 5D ). Thus, to avoid any non-specific toxicity of MOs, subsequent injections were conducted at dosages of 3-5 ng of MO per embryo. The morphological phenotypes of MO2-injected embryos were also similar to those of MO1-injected embryos ( Figures 5C and 5C ), although the potential for functional knockdown of C4ST-1 appeared to be less than that of MO1 ( Figure 5H ). In contrast, most of the embryos injected with control MOs, 5-mis or inverted MO1 developed normally (Figures 5E, 5F and 5H) as did wild-type embryos ( Figures 5A  and 5A ). In addition, co-injection of a zebrafish C4ST-1 RNA (4-6 pg per embryo; n = 20/31, 64.5 %; P < 0.001, χ 2 test) definitely rescued the morphological phenotypes of MO1-injected embryos ( Figure 5G ). These findings suggest that the morphological abnormalities in the body axis are caused by functional knockdown of C4ST-1, not by non-specific toxicity of MOs.
Analysis of CS of C4ST-1 morphants
To further verify the specificity of C4ST-1-specific MOs in vivo, GAG fractions prepared from wild-type and MO1-injected embryos at 50 hpf were chemically analysed. For exhaustive digestion of CS moieties, the purified GAG-peptide was treated with a mixture of chondroitinases ABC and AC-II. The resultant unsaturated CS disaccharides were derivatized with a fluorophore, 2-AB, followed by anion-exchange HPLC on a PA-03 column. As shown in Figure 6 (A), in wild-type embryos, Di-4S was the predominant sulfated disaccharide, accounting for 36.6 % of all the disaccharides of CS ( Table 2) . As expected, the amount of Di-4S in MO1-injected embryos was reduced by approximately one-third ( Figure 6B and Table 2 ), suggesting a selective inhibitory effect of MO1 on the C4ST-1-mediated sulfation in vivo. Notably, the amount of CS (total disaccharides) in MO1-injected embryos was also approximately half that in wild-type embryos, due to significant reductions in non-sulfated disaccharide ( Di-0S) in addition to Di-4S (Table 2) . Together with previous biochemical analyses of CS in sog9 cells and in the growth plates of C4ST-1-deficient mice [18, 19] , these results indicate that C4ST-1 may also regulate the amount of CS, in addition to the 4-O-sulfation.
C4ST-1 is required for normal somite formation
Strong expression of C4ST-1 in the notochord and somites ( Figures 3A-3E) , which are major components of the body axis during embryogenesis, indicated the aberrant morphology of the body axis observed in C4ST-1 morphants to be caused by defects in the notochord and/or somites. To address this issue, we examined expression of the marker genes, shha [29] and myod [30] , involved in the development of the notochord and skeletal muscle respectively, because zebrafish somites are almost exclusively occupied by myotomes, which give rise to the axial musculature through regulation of myogenic transcription factors including myoD [25, 30] . In C4ST-1 morphants, the signal of shha was observed along a rostrocaudal axis with a pattern of expression that was virtually the same as in wild-type embryos ( Figures 7A and 7B) [29, 36] . The profile of myod expression in the morphants at 16 hpf was also essentially indistinguishable from that in wild-type embryos, except that the expression in the morphants was expanded laterally to some extent ( Figures 7C  and 7D) . Intriguingly, at 30 hpf, when development progressed further, myod in the somites disappeared in wild-type embryos ( Figure 7E) , whereas the high level of expression persisted in the C4ST-1 morphants ( Figure 7F ). These observations suggest that the aberrant morphology in C4ST-1 morphants is largely due to perturbation of somitic muscle development and not to notochordal defects.
Involvement of 4-O-sulfated CS in the motor axon guidance
A previous report by Bernhardt and Schachner [23] has suggested that CS has regulatory roles in axon guidance for ventral motor nerves in zebrafish embryos. This prompted us to investigate the overall pattern of the axonal projections from motor neurons in the C4ST-1 morphants. Therefore, to visualize the ventral motor axons, 48-51 hpf MO1-treated and wild-type embryos were immunostained with anti-acetylated α-tubulin. As shown in Figures 7(G) and 7(I) , the wild-type embryos exhibited regularly spaced, stereotyped ventral trajectories of motor axons along the midsegmental region of each somite. Since the segmentation process appeared morphologically normal in the C4ST-1 morphants, the spatial arrangement of individual axons was almost identical with that in the wild-type embryos The GAG preparations purified from pooled 50 hpf wild-type embryos (A) and the C4ST-1 morphants (B) were digested with a mixture of chondroitinases ABC and AC-II. The individual digests were labelled with the fluorophore 2-AB and analysed by anion-exchange HPLC as described in the legend of Figure 2 . Insets of (A) and (B) are magnified chromatograms around the elution position corresponding to Di-4S-2-AB (indicated by an arrow). Notably, the fluorescence intensity corresponding to the 4-O-sulfated disaccharide was significantly reduced in the C4ST-1 morphants compared with the wild-type embryos. Vertical lines indicate the elution positions of 2-AB labelled, authentic unsaturated disaccharides: 1, Di-0S-2-AB; 2, Di-6S-2-AB; 3, Di-4S-2-AB; 4, Di-diS D -2-AB; 5, Di-diS E -2-AB. The peaks marked by asterisks in (A) and (B) are unidentified materials.
( Figures 7H and 7J) . However, many of the C4ST-1 morphants had truncated, abnormally branched and/or misrouted axons ( Figures 7H and 7J) . Clearly recognizable ventral motor axons in the trunk and tail regions of these embryos were categorized into three groups by their morphological criteria (Table 3) . Truncation and abnormal branching occurred significantly more often in the C4ST-1 morphants than in the wild-type embryos. It should be noted that the axons observed in the morphants with a sharply bent trunk and/or a highly twisted tail were not scored for this classification to exclude the possibility that aberrant projections were caused by mechanical distortion of their profoundly altered body shapes. These results provide the first direct genetic evidence for the involvement of 4-O-sulfated CS in the axon guidance of ventral motor nerves.
DISCUSSION
In the present study, a morpholino-based knockdown of zebrafish C4ST-1, whose product catalysed preferentially 4-O-sulfation of GalNAc residues in CS, was conducted to clarify the biological roles of CS in vertebrate embryogenesis. Biochemical analysis of CS derived from the C4ST-1 morphants revealed that the enzyme is essential not only for 4-O-sulfation of CS but also for regulation of the amount of CS in vivo. In addition, the C4ST-1 morphants displayed abnormal morphologies in the trunk and tail with perturbed expression of a myogenic marker myod, and in the projections of the ventral motor axons, providing the first genetic evidence for novel functions of 4-O-sulfated CS formed by C4ST-1 in skeletal muscle development and axon guidance during zebrafish embryogenesis. As in mammals, the 4-O-sulfated structure was the predominant modification of CS in zebrafish embryos (Table 2 ). In addition, the existence of the sulfation machinery constituted by C4ST-1, C4ST-2 and D4ST-1 in zebrafish (Figure 1) , and the strict substrate preferences towards chondroitin and partially desulfated DS ( Figure 2 and Table 1 ), which were almost equivalent to those of the respective human counterparts [17] , permitted the investigation of functions of these enzymes both in CS biosynthesis and in embryonic development using this representative model animal. It was recently reported that a single deficiency of C4ST-1 in sog9 cells and a gene-trapped mutant mouse led to extensively reduced productivity in terms of the 4-O-sulfation and amount of CS [18, 19] . Consistent with these observations, functional knockdown of C4ST-1 in zebrafish embryos also resulted in a reduction in the 4-O-sulfation and amount of CS (Table 2) , although the rate of decrease was milder with a MO-based knockdown than in sog9 cells and C4ST-1-deficient mice. This is probably attributable to the less severe penetrance in the phenotypes elicited by treatment with the C4ST-1-specific MO rather than to functional compensation by C4ST-2 and/or D4ST-1, because we used pooled MO1-treated embryos showing a mild phenotype in the body axis for the biochemical analysis of CS to avoid non-specific side effects of MO. Furthermore, an analysis using an in vitro translation system revealed that MO1 inhibited the translation of C4ST-1 but not that of C4ST-2 or D4ST-1 (Figure 4 ), suggesting that in vivo expression of the two isoenzymes of C4ST-1 was not interfered with by the treatment with MO1. It should be noted that the overexpression of either C4ST-2 or D4ST-1, unlike C4ST-1, in sog9 cells cannot restore the proportion of 4-O-sulfated CS and amount of CS [18] . Together, these results suggest that C4ST-1 is the predominant sulfotransferase regulating the 4-O-sulfation and amount of CS during embryogenesis in zebrafish, as in mammals.
A previous immunohistochemical study has documented that CS is abundantly distributed at the interface between the notochord and individual somites [22] . In the present study, we also found the preferential expression of C4ST-1 in the rostrocaudal axis including notochord and somites (Figure 3) , suggesting important roles for CS in developmental processes in the body axis. Indeed, the morphological traits of 48 hpf C4ST-1 morphants were characterized by a ventrally bent trunk and a twisted tail ( Figure 5 ). Since the expression of the notochordal marker shha was unaffected in C4ST-1 morphants (Figure 7) , the notochordal formation appears to proceed normally. On the other hand, an unusually sustained expression of myod was observed in the C4ST-1 morphants even at 30 hpf when the amount of its mRNA was markedly reduced in the wild-type somites, in concert with formation of skeletal muscle derived from myotomes ( Figure 7) . Because the myogenic master transcription factor myoD plays essential roles in muscle differentiation [30] and can drive apoptotic pathways as reported by Asakura et al. [37] , the perturbed expression of myod in the C4ST-1 morphants may imply an immature developmental state of myotomes and/or disruption of the somitic musculature accompanied by excessive stimulation of the apoptotic cascade, leading to the aberrant morphology in the trunk and tail.
The defects in somites with persistent expression of myod, which were evoked by the functional knockdown of C4ST-1, have been also reported for zebrafish embryos injected with MOs, which inhibited functions of HS6ST-2, one of the sulfotransferases involved in Hep/HS (heparan sulfate) biosynthesis [38, 39] . HS-PGs play roles in various cellular signalling pathways through the high-affinity binding of HS moieties to diverse Hep-binding proteins including growth factors, cytokines and morphogens [40, 41] . Recent studies have demonstrated that CS also possesses the capacity to bind various Hep-binding proteins [9, 41] . In fact, signalling pathways involving TGFβ (transforming growth factor β) and BMP (bone morphogenetic protein) are dramatically affected in growth plates of C4ST-1-deficient mice [19] . Hence, the apparently similar muscular defects in both morphants might be indicative of partially overlapping or compensatory functions of CS and HS in the regulation of local signalling pathways via Hep-binding myogenic morphogens such as hedgehog and Wnt [42, 43] . Most recently, Nadanaka et al. [44] reported that the decreased Wnt-3a signalling in sog9 cells lacking C4ST-1 mRNA is recovered by the introduction of C4ST-1, providing strong support to the notion that the fine structures of CS formed by C4ST-1 are required for efficient signalling inputs mediated by multiple morphogens.
C4ST-1 has been screened as one of the target genes induced by BMP signalling during differentiation of mouse embryonic stem cells [45] . This indicates that C4ST-1 is one of the essential modulators in a sequence of the BMP-dependent cell fate decisions. In zebrafish, BMPs are known to be key regulators of posterior (i.e. trunk and tail) mesoderm patterning, as typified by zebrafish mutants lacking bmp2b that do not form a tail [46] . In view of generally mild but definitive phenotypic abnormalities biased to trunk and tail in C4ST-1 morphants, C4ST-1 might also be one of the downstream targets of the BMP signalling in the posterior half of the body axis and might play important roles in at least several developmental processes induced by BMPs. Therefore elucidation of the transcriptional regulatory mechanism for C4ST-1 will provide insights into how C4ST-1 participates in body axis formation including muscle development.
Emerging evidence suggests that CS-PGs are crucial environmental modulators in the nervous system of vertebrates. During neuronal development and regeneration, they have apparently contradictory roles as major inhibitors of axonal pathfindings and regeneration and as neuritogenic molecules [2, 3] . These functions are exerted mainly through their CS moieties [2, 3, 9, 10] . During zebrafish embryogenesis, CS is abundantly distributed at the interface between the notochord and somites where ventral motor axons located in the middle of each spinal cord hemisegment project into ventral muscle [22] . As reported previously [23] , elimination of CS in the trunk by injection with chondroitinase ABC induces axonal projections with abnormal side branches, indicating that CS constrains the outgrowth of the ventral motor nerves through its inhibitory role as a physical barrier or a repulsive cue for axonal growth. In the present study, aberrant axonal outgrowth of ventral motor neurons was also observed in C4ST-1 morphants (Figure 7) . However, the most common abnormality was characterized by truncated axons rather than abnormally branched and misrouted axons (Table 3) . One explanation for this discrepancy is that a low but significant level of CS in the trunk of C4ST-1 morphants supports fasciculation of the ventral motor nerves, preventing the formation of side branches, whereas a nearly complete loss of CS by treatment with chondroitinase ABC does not. Furthermore, in view of the requirement of myotome-derived cues for the migration of motor axons [24, 47] , we cannot rule out the possibility that defects in muscle development in C4ST-1 morphants led to additional indirect effects on the axonal pathfindings, because it has been reported that there was no damage in either the notochord or somites in chondroitinasetreated zebrafish embryos [23] .
Although the precise molecular basis of the axonal pathfindings of ventral motor nerves involving 4-O-sulfated CS remains unclear, the high incidence of truncated axons, probably representing axons straying from their pathways, in C4ST-1 morphants suggests potential bifunctional roles of CS not only as a repulsive cue but also as a permissive/attractive guidance cue for specific axons, as described above. In fact, a substrate uniformly precoated with oversulfated CS variants promoted the outgrowth of neurites in rodent embryonic hippocampal neurons, at least in part, by capturing and presenting several Hepbinding growth factors to neurons [2, 3, 9] . In addition, habenula nucleus axons derived from the developing rat diencephalon were also able to extend over a substrate precoated with a relatively high concentration of CS-PGs [48] . Interestingly, a CS-PG-coated substrate coexisting with sema5A (semaphorin 5A), a bifunctional guidance cue, serves as an inhibitory cue for habenula nucleus axons, resulting from conversion of the attractive property of sema5A into an inhibitory one through its specific interaction with the CS moieties of CS-PGs [48] . Therefore further exploration of CS-interacting molecules in the extracellular matrix and unidentified functional CS receptor(s) is required for a better understanding of the apparent contradictory neuroregulatory functions of CS.
In contrast with C4ST-1 morphants and chondroitinase-treated embryos, functional knockdown of zygotic ChSy-1 (chondroitin synthase-1), which encodes one of the glycosyltransferases involved in the biosynthesis of the chondroitin backbone, has been reported to have no significant effects on the pathfinding of the motor axons, although CS immunoreactivity was reduced in the morphants [47] . Recently, Izumikawa et al. [49, 50] demonstrated that chondroitin polymerization can be achieved by any two combinations of four ChSy family members including ChSy-1. Therefore, if similar biosynthetic machinery is encoded by the zebrafish genome, a single knockdown of ChSy family members may not always lead to a drastic reduction in the amount of CS, which provokes developmental defects. Consequently, our results in conjunction with earlier studies [18, 19, 23] strongly suggest the critical functions of C4ST-1 in CS biosynthesis and in zebrafish embryogenesis. Thus further analysis focusing on C4ST-1 will facilitate our understanding of the molecular mechanisms underlying the development and pathology of various diseases involving CS.
